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Abst rac t  
Ca lcu la ted  r e s u l t s  f o r  the aerodynamic c o e f f i c i e n t s  over the  range o f  290" i n  
bo th  p i t c h  and yaw a t t i t u d e  angles f o r  the  Aeroass is t  F l i g h t  Experiment (AFE) 
veh ic le  i n  f r e e  molecule f l o w  a re  presented. The AFE body i s  descr ibed by a l a r g e  
number o f  smal l  f l a t  p l a t e  sur face elements whose o r i e n t a t i o n s  a re  es tab l i shed  i n  
a wind axes coord ina te  system through the  p i t c h  and yaw a t t i t u d e  angles. L i f t  
fo rce ,  drag fo rce ,  and th ree  components o f  aerodynamic moment about a s p e c i f i e d  
p o i n t  a re  computed f o r  each element. The elemental fo rces  and moments a re  
i n t e g r a t e d  over the  e n t i r e  body and t o t a l  f o rce  and moment c o e f f i c i e n t s  a re  
computed. The c o e f f i c i e n t s  a re  ca l cu la ted  f o r  t h e  two l i m i t i n g  gas-surface 
molecular  c o l l i s i o n  cond i t ions ,  namely, specular and d i f f u s e ,  which assume zero 
and f u l l  thermal accomnodation o f  the  incoming gas molecules w i t h  the  surface, 
respec t ive ly .  
a re  ca l cu la ted  and a re  a l s o  presented. 
The i n d i v i d u a l  c o n t r i b u t i o n s  o f  the  shear s t r e s s  and pressure terms 
Nomen c 1 a t  u r e  
a x i a l  c o e f f i c i e n t  
drag coef f i c i  en t  
drag c o e f f i c i e n t  f o r  the  i t h  element 
components o f  element f o r c e  c o e f f i c i e n t  a long each a x i s  (x,y,z) 
l i f t  c o e f f i c i e n t  
l i f t  c o e f f i c i e n t  f o r  the i t h  element 
p i t c h i n g  moment c o e f f i c i e n t ,  Cm = (CM), 
components o f  moment c o e f f i c i e n t  a long each a x i s  (x,y,z) 
normal f o r c e  c o e f f i c i e n t  
s ide  f o r c e  c o e f f i c i e n t  
t o t a l  drag f o r c e  
f o r c e  vec tor  a c t i n g  on i t h  element 
u n i t  vec tors  a long x,y,z a x i s  
t o t a l  l i f t  fo rce  
reference body l eng th  (= 13.99 ft) 
t o t a l  moment vec to r  
moment vec to r  o f  i t h  element 
sur face pressure on i t h  element 
f ree-stream atmosphere pressure 
dynamic pressure 
vec to r  f rom moment re ference center  t o  c e n t r o i d  o f  i t h  element 
molecular  speed r a t i o  (= 11.25) 
area o f  i t h  element 
re ference area (= 151.74 f t 2 )  
r a t i o  o f  w a l l  temperature t o  f ree-stream temperature 
2 
, 
- 
V 
a i  
B 
E 
e i  
v e l o c i t y  vec to r  
axes o f  body reference system 
angle o f  a t t a c k  
angle o f  a t t a c k  o f  i t h  element 
s i d e s l i p  angle 
f r a c t i o n  o f  molecules r e f l e c t e d  specu la r l y  
angle between v e l o c i t y  vec tor  and normal t o  
sur face element 
shear s t r e s s  on i t h  element 
I n t r o d u c t i o n  
An ana lys i s  o f  t he  f o r c e  and moment aerodynamic c o e f f i c i e n t s  i n  f r e e  molecule 
f l o w  has been performed i n  support o f  the Raref ied-Flow Aerodynamic Measurement 
Experiment (RAME) be ing developed f o r  the Aeroass is t  F1 i g h t  Experiment (AFE).l 
The AFE i s  a subscale aeroass is ted o r b i t a l  t r a n s f e r  v e h i c l e  (AOTV)*  be ing 
developed by NASA i n  o rder  t o  p rov ide  f l i g h t  and technology development design 
data f o r  r e t u r n i n g  from geosynchronous o rb i t . 3  The AFE miss ion  inc ludes  a s o l i d  
rocke t  burn t o  s imu la te  AOTV e n t r y  energy and, a f t e r  a c o n t r o l l e d  energy dep le t i on  
atmosphere pass, a rendezvous and r e t r i e v a l  by the Orb i te r .  The RAME i s  one o f  12 
approved experiments t o  be i n t e g r a t e d  i n t o  the  AFE veh ic le .  Data from the  RAME 
accelerometer a long w i t h  o the r  AFE measurements, i n c l u d i n g  p o s t - f l i g h t  t r a j e c t o r y  
data, w i l l  be used t o  measure f l i g h t  aerodynamic c o e f f i c i e n t s  i n  the  r a r e f i e d - f l o w  
. regime i n c l u d i n g  the  t r a n s i t i o n  i n t o  the  hypersonic continuum. Several AFE 
a t t i t u d e  maneuvers a re  planned t o  exp lo re  the behavior  o f  the  f r e e  molecule f l o w  
aerodynamic c o e f f i c i e n t s  w i t h  p i t c h  and yaw a t t i t u d e  angles. I n  a d d i t i o n ,  these 
aerodynamic maneuvers w i l l  be performed a t  d i f f e r e n t  a l t i t u d e s  and w i l l  thereby 
prov ide  ( f o r  the  f i r s t  t i m e )  f l i g h t  i n fo rma t ion  on the  e f f e c t  t h a t  gas-surface 
3 
molecule accomnodation has on aerodynamic c o e f f i c i e n t s  i n  a changing environment 
(i.e., on t h e  outbound, p o s t  atmosphere t r a j e c t o r y  leg,  t h e  composi t ion o f  the  
incoming gas molecules changes from most ly  d ia tomic  n i t r o g e n  t o  most ly  atomic 
oxygen). 
The AFE vehic  
s o l i d  r o c k e t  motor 
motor i s  f i r e d  and 
which w i l l  be p e r f  
AFE Body Model 
e4 cons is ts  o f  a raked cone aerobrake, a c a r r i e r  veh ic le ,  a 
and a i r b o r n e  support  equipment. Because t h e  s o l i d  rocke t  
j e t t i s o n e d  p r i o r  t o  the  RAME aerodynamic maneuver sequences, 
rmed on the  outbound l e g  o f  t h e  atmosphere pass, comnencing a t  
an a l t i t u d e  o f  about 350,000 ft., t h e  AFE body geometry model f o r  t h i s  a n a l y s i s  
inc ludes o n l y  the  aerobrake and c a r r i e r  veh ic le ,  as shown i n  f i g u r e  1. 
a d d i t i o n ,  o n l y  t h e  forward sur face o f  t h e  aerobrake and t h e  s ides  o f  t h e  c a r r i e r  
I n  
v e h i c l e  a r e  modeled because t h e  a t t i t u d e  angles s tud ied  a r e  w i t h i n  t h e  range o f  
- +goo. Thus, none o f  t h e  complex a f t  sur face o f  t h e  v e h i c l e  i s  i n  t h e  f low. For 
t h i s  ana lys is ,  t h e  geometry f o r  t h e  forward sur face o f  t h e  aerobrake i s  taken from 
Cheatwood e t  a l .5 The equat ions and computer code f o r  the  s ides  o f  t h e  c a r r i e r  
v e h i c l e  a r e  based on da ta  f rom reference 4. These geometry computer codes are  
used t o  generate three-dimensional  coord inates f o r  t h e  corner  p o i n t s  o f  3,000 
sur face  elements o f  t h e  aerobrake and each o f  t h e  s ides o f  t h e  c a r r i e r  veh ic le .  
Prov is ions  f o r  p a r t i a l  shading o f  t h e  c a r r i e r  v e h i c l e  by t h e  aerobrake area a l s o  
are  included. F igure  2 shows t h e  p r o j e c t i o n  o f  t h e  AFE model (v iewer  l o o k i n g  
a long t h e  v e l o c i t y  v e c t o r )  over t h e  range o f  p i t c h  and yaw a t t i t u d e  angles 
considered i n  t h i s  study. 
a 
Aerodynamic Force C o e f f i c i e n t  C a l c u l a t i o n s  
Each of t h e  sur face elements f o r  t h e  AFE model i s  t r e a t e d  as a f l a t  p l a t e  
whose normal v e c t o r  i s  o r i e n t e d  w i t h  respect  t o  t h e  v e l o c i t y  v e c t o r  through 
4 
the  angle 8 as shown i n  f i g u r e  3. The normal vec to r  f o r  an element I s  ca lcu la ted  
from the  vec to rs  f rom t h e  corner  p o i n t s  on t h e  AFE model surface. The angle 8 i s  
then determined by t h e  d o t  p roduc t  o f  t he  normal vec to r  and t h e  v e l o c i t y  vec to r  
which i s  de f i ned  by t h e  a t t i t u d e  angles a and fl as shown i n  f i g u r e  1. The 
normalized pressure on the  element i s  taken from B i r d ' s  fo rmu la t i on6  f o r  f r e e  
molecule f low,  namely, 
where E i s  t he  f r a c t i o n  o f  molecules r e f l e c t e d  specu lar ly ,  S i s  t h e  molecu la r  
speed r a t i o ,  and T, and Tm a re  w a l l  and free-stream temperatures, 
respec t i ve l y .  The normalized shear s t r e s s  i s  g iven  by 
I: - -  i (1 - e )  s s i n  e [exp( - ~2 cos2e)Y + TI s cos e{ 1 + e r f  (S cos e)}] 
'en ll Y .  
- 
The l i f t  c o e f f i c i e n t  (i.e., t he  f o r c e  c o e f f i c i e n t  perpend icu la r  t o  the  v e l o c i t y  
vec tor )  i s  r e l a t e d  t o  the  element angle o f  a t tack ,  a i ,  by t h e  equat ion  
and the  drag c o e f f i c i e n t  (i.e., t he  f o r c e  c o e f f  
vec tor )  i s  g i ven  by 
c i e n t  p a r a l l e l  t o  t h e  v e l o c i t y  
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The t o t a  
D 
L 
which y 
cD 
cL 
force components f o r  the  AFE body i n  t h e  l i f t  and drag d i r e c t i o n  are  then 
e l d  t h e  t o t a l  f o r c e  c o e f f i c i e n t s  as 
The normal- and ax a l - f o r c e  c o e f f i c i e n t s  a re  then c a l c u l a t e d  by p r o j e c t i n g  t h e  l i f t  
and drag components onto t h e  body axes. 
Aerodynamic Moment C o e f f i c i e n t  C a l c u l a t i o n s  
The aerodynamic moment re ference used i n  t h i s  a n a l y s i s  i s  t h e  o r i g i n  o f  t h e  AFE 
body a x i s  system l o c a t e d  a t  t h e  center  o f  t h e  reference c i r c l e ,  as shown on f i g u r e  
1. The moment c o n t r i b u t i o n  o f  t h e  i t h  sur face element i s  
Where R i  i s  t h e  v e c t o r  f rom t h e  moment re ference t o  t h e  c e n t r o i d  o f  t h e  
element, and T i s  t h e  f o r c e  v e c t o r  f o r  t h e  element. The t o t a l  moment v e c t o r  i s  
which y i e l d s  
The t o t a l  moment c o e f f i c i e n t  vec tor  c a l c u l a t e d  from t h i s  express ion i s  then r o t a t e d  
i n t o  the  body a x i s  system t o  y i e l d  t h e  p i t c h ,  yaw, and r o l l  moment c o e f f i c i e n t s .  
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Resu l ts  and Discussion 
So lu t i ons  were ob ta ined f o r  t he  f o r c e  and moment c o e f f i c i e n t s  over the  range 
o f  f90" i n  bo th  p i t c h  and yaw separa te ly  a t  10" i n t e r v a l s .  Two l i m i t i n g  
gas-surface molecu la r  c o l l s i o n  cond i t i ons  ( d i f f u s e  and specular)  a r e  considered. 
C o e f f i c i e n t s  were c a l c u l a t e d  f o r  t he  d i f f u s e  (E = 0, t o t a l  thermal accomnodation) 
and the  specular l i m i t  (E = 1, zero thermal accomnodation) t o  p rov ide  the  extreme 
values o f  t he  c o e f f i c i e n t s .  The shear and pressure f o r c e  c o n t r i b u t i o n s  t o  the  
t o t a l  c o e f f i c i e n t  a r e  a l s o  presented. For the  r e s u l t s  shown, t h e  nominal values o f  
0.224 and 11.25 were used f o r  t he  wal l - to- f ree-stream temperature r a t i o  and t h e  
molecular speed r a t i o ,  respec t i ve l y .  The d i f f u s e  c o e f f i c i e n t  c a l c u l a t i o n s  a r e  
i n s e n s i t i v e  t o  f ree-stream temperature r a t i o  f o r  a l l  reasonable values. For 
example, changes i n  t h i s  r a t i o  by doub l ing  o r  h a l v i n g  o n l y  change the  aerodynamic 
c o e f f i c i e n t s  by about 2 percent  maximum. O f  course, t he  specular r e f l e c t i o n  
c o e f f i c i e n t  values a r e  t o t a l l y  independent o f  w a l l  temperature. I n  a d d i t i o n ,  
aerodynamic c o e f f i c i e n t  c a l c u l a t i o n s  a r e  a l s o  i n s e n s i t i v e  t o  speed r a t i o s  above 10. 
. 
Figure  4(a) shows t h e  v a r i a t i o n  o f  CN w i t h  angle o f  a t t a c k  f o r  
p = 0" under d i f f u s e  sur face  r e f l e c t i o n  condi t ions.  Inc luded on t h e  f i g u r e  a r e  the  
two components which comprise CN, namely, t he  shear s t r e s s  and the  pressure 
force. The l a r g e  v a r i a t i o n  i n  CN w i t h  angle o f  a t t a c k  i s  due p r i m a r i l y  t o  the  
shear s t r e s s  c o n t r i b u t i o n ,  as can be seen on f i g u r e  4(a). F igu re  4(b)  shows the  
angle o f  a t t a c k  v a r i a t i o n  extremes o f  CN f o r  two l i m i t i n g  sur face  r e l e c t i o n  
cond i t ions ,  namely, completely specular r e f l e c t i o n  (E = 1) and d i f f u s e  r e f l e c t i o n  
(E = 0). C l e a r l y ,  t h e  l a r g e s t  d i f f e r e n c e  i n  the  curves e x i s t  a t  about angles o f  
a t t a c k  o f  +45'. O f  course, values between the  l i m i t s  a r e  p o s s i b l e  i f  a combination 
o f  d i f f u s e  and specu lar  r e f l e c t i o n  takes place. 
F igures  5(a )  and 5(b) show the  same type o f  c o e f f i c i e n t  v a r i a t i o n  i n fo rma t ion  
f o r  CA as was shown f o r  CN i n  f i g u r e  4(a) and 4(b). Namely, f i g u r e  5(a) shows 
7 
the  d i f f u s e  v a r i a t i o n  o f  CA w i t h  angle o f  a t t a c k  (p = 0" )  and f i g u r e  5(b) shows 
the  l i m i t s  o f  v a r i a t i o n  o f  CA w i t h  angle o f  a t t a c k  because o f  sur face  r e f l e c t i o n  
extremes. No t i ce  i n  f i g u r e  5(a) t h a t  t he  CA v a r i a t i o n  i s  p r i m a r i l y  dominated by 
the  pressure term. Thus, i t  i s  n o t  s u r p r i s i n g  t h a t  t he  l a r g e s t  v a r i a t i o n  i n  the  
extreme sur face  r e f l e c t i o n  c o n d i t i o n  takes p lace  a t  small  angles o f  a t tack ,  as shown 
on f i g u r e  5(b). 
To sumnarize, t he  CN v a r i a t i o n  w i t h  angle o f  a t t a c k  i s  dominated by shear 
s t ress ,  w h i l e  the  CA v a r i a t i o n  i s  dominated by pressure forces. 
changes i n  surface accomnodation w i l l  occur i n  CN a t  l a r g e  angles o f  a t t a c k  w i t h  
corresponding changes t o  CA a t  small angles o f  a t tack .  Therefore, i t  i s  expected 
t h a t  the  r a t i o  o f  CN t o  CA, shown i n  f i g u r e  6, d i s p l a y s  l i t t l e  v a r i a t i o n  between 
the  molecule accomnodation extremes o f  surface r e f l e c t i o n ,  s ince  CN and CA 
e f f e c t s  occur a t  complementary angles. As seen i n  t h i s  f i g u r e ,  o n l y  a t  very  l a r g e  
angles o f  a t t a c k  (e.g., a > *60") w i l l  d i f f e r e n c e s  i n  sur face  r e f l e c t i o n  take on 
l a r g e  values. O f  course, by t rans forming t o  a d i f f e r e n t  o r i e n t a t i o n  r e l a t i v e  t o  the  
incoming molecule v e l o c i t y ,  t he  maximum observab i l  i t y  i n  su r face  accomnodation can 
change. For example, shown i n  f i g u r e  7 i s  t h e  r a t i o  o f  t h e  f o r c e s  ( p  = 0') i n  t he  
wind a x i s  system, i.e., CL/CD. Here, i n  t h i s  o r i e n t a t i o n ,  t he  d i f f u s e  v a r i a t i o n  
i s  n e a r l y  maximized a t  a = -160", s ince  t h e  specular v a r i a t i o n  i s  p r a c t i c a l l y  a 
constant,  and ve ry  small  numer ica l l y .  
Consequently, any 
F igu re  8(a) shows the  v a r i a t i o n  o f  s ide- fo rce  c o e f f i c i e n t ,  Cy, w i t h  s i d e s l i p  
angle f o r  a = 0". C l e a r l y ,  t h i s  c o e f f i c i e n t  i s  a l s o  dominated by shear s t ress ,  and 
thus, the  l a r g e s t  v a r i a t i o n  i n  sur face  r e f l e c t i o n  changes w i l l  occur a t  l a r g e  s ide  
s l i p  angles as i n  analogy w i t h  CN. F igure  8(b) shows t h i s  c l e a r l y  i n  the  
d i f f e r e n c e s  between t h e  d i f f u s e  and specular Cy curves. 
F igure  9(a) shows t h e  v a r i a t i o n  o f  Cm as a f u n c t i o n  o f  angle o f  a t t a c k  f o r  
p = 0" and d i f f u s e  sur face  r e f l e c t i o n .  Shown i n d i v i d u a l l y  a r e  the  c o n t r i b u t i o n s  o f  
k 
t 
8 
the shear and pressure terms. As seen i n  t h i s  f i g u r e ,  the  l a r g e s t  d i f f e r e n c e  
between the  shear and pressure terms i s  a t  about a = -35' and a = 55'. Thus, i t  i s  
expected t h a t  t he  d i f f e r e n c e  i n  sur face accomnodation would a l s o  be the  l a r g e s t  a t  
these angles, as seen i n  f i g u r e  9(b). 
Concluding Remarks 
The r e s u l t s  o f  c a l c u l a t i n g  the  aerodynamic f o r c e  and moment c o e f f i c i e n t s  f o r  
the AFE v e h i c l e  i n  f r e e  molecule f l o w  are  presented f o r  a and f3 ranges o f  f90'. The 
c o e f f i c i e n t  l i m i t i n g  values f o r  d i f f u s e  and specular sur face r e f l e c t i o n  a re  a l s o  . 
inc luded i n  the  data s e t  a long w i t h  the  shear s t ress  and pressure components. 
Examining the  i n d i v i d u a l  components o f  each c o e f f i c i e n t  suggests t h a t  CN i s  
dominated by shear e f f e c t s  and CA by pressure e f fec ts .  
complementary angles o f  a t tack .  
These e f f e c t s  occur a t  
The d i f f e r e n c e  between d i f f u s e  and specular  sur face 
r e f l e c t i o n  takes on i nc reas ing  values i n  the r a t i o  o f  CN/CA as a increases. 
Thus, the  l a r g e s t  d i f f e r e n c e s  a re  a t  l a rge  a's. However, t rans forming  t o  the  wind . 
a x i s  system and forming the  fo rce  r a t i o  accentuate sur face accomnodation e f f e c t s  f o r  
moderate angles o f  a t t a c k  (i.e., a = k60'). These r e s u l t s  support  the  RAME, which 
inc ludes  p lans  t o  make corresponding f l i g h t  measurements o f  these c o e f f i c i e n t s  
d u r i n g  t h e  AFE m i s s i o n .  
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